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‘jt SUMMARY
h
:;3 This final technical report covers all work performed by SRI
i. International on Contract ND0014-86-K-0596 for the period 1 July 1986 through
F& 31 October 1987. The main ohjective of this research program was to establish
;&5 the applicability of a novel, liquid metal field-emission electron source to
V the need for fast repetitive opening switches.
E*: Liquid metal field-emission electron sources typically consist of a small
;‘3 capillary through which the liquid metal is forced. The application of a vol-
2 tage between the capillary and an anode causes the liquid metal to form a
&3 sharp pointed cone. When the field at the cone tip exceeds the threshold for
Tiz field emission, a large electron current flows tou the anode. This electron
:i; pulse is accompanied by a rapid heating of the liquid, producing an explosive
o pressure rise. As the electric field is restored, the tip re-forms, resulting
i ! - in a self-pulsing mode of operation. The pulse rate, average current, and
% current per pulse are all functions of the metal composition, emitter geome-
%?3 try, and diode voltage.
Sy
}?3’ A number of the above-mentioned characteristics were studied during this
K> A, contract period and are reported here. A single emitter tip was seen to pro-
:E; duce current pulses In excess of 50 amperes, with a rise time of a few nano-
E‘i seconds and a width of 5-50 vs. Pulsing rates vary hetween 10 Hz and 20 kHz
if’ under the conditions studied. Dispersed optical radiation was also measured
Ky and showed primarily emission from neutral atomic species presumahly excited
?Q by electron Impact in the gas phase. The results we obtained Indicate that
.ﬁu many of the operational parameters of these devices can be controlled,
ﬁ“‘ although the mechanisms are not yet understood. In particular, the enhanced
Ef: ) mode of operation found for the Ga/In/Ar system gives very larpe, narruw cur-
%& rent pulses hy an unknown mechanism. The use of various diagnostics, includ-
L%' ing the dispersed optical emission, may provide some insight into these
”“ mechanisms.
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INTRODUCTION AND BACKGROUND

Many developing SDI and DoD technologies, such as directed energy appli-
cations, electromagnetic prupulsion, and controlled fusion, involve the use of
pulsed power technology. This technology normally involves capacitive storage
of electrical energy that is rapidly delivered to a load by means of fast
switches such as spark gaps, as shown in Figure 1(a). However, inductive
storage is of considerable interest primarily because of the order of magni-
tude improvement in stored energy density. The key technological prohlem
limicting the development of an inductive storage system is the lack of a fast,

reliable, repetitive opening switch.

The basic circuit of an inductive storage system 1s shown in Figure 1(b).
The major function of the opening switch is to conduct the current during the
current buildup phase and then bhe capable of interrupting that current when it
is desired to switch the current into the load. The opening process is a chal-
lenging assignment because of the large voltages that occur acruss the switch
owing to L %% emf as the current through the switch decreases. Because most
applications 1involve the interruption of large currents (kilo- to mepa—amperes)
in short times (microseconds to nanoseconds), very large transient emfs can bhe
expected; thus, any useful switch must be capable of complete electrical con-

trol under very strenuous conditions.

The feasibility of using inductive scorage has been demunstrated using
single-shot switches, but for most applications the need is for switches that
can be ouperated repetitively and that promise reasonable lifetimes. Switches
can he classsified intu two categories: true opening switches that maintain
current control and uncountrolled current switches in which counterpulsing or
other techniques are required to interrupt the current and furce the switch to
open. Vacuum trivdes and electron-heam-controlled discharges fall in the
first category, and vacuum arcs of various types belong in the second. The
continuing research prugram described here focuses oun a trivde cuncept that

falls in the true opening switch class. The active element of the triode is a
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liquid metal field-emission source. This novel electron emission source has a

number of attractive features for the present application, including

. Low voltage control
o Fast response times
Y High electron emission current density

L) High voltage standoff
» Vacuum operation

. Constant restoration of emitter tips (self-healing).

Positive ion sources based on field evaporation/field ionization of
liquid metals have been under Investigation for a number of years. These
sources have been sucessfully operated in a d¢ mode to produce ions of a wide
variety of elements, including atomic and molecular ions of Li, Cs, Sn, Ga,
In, Hg, Au, Bi, Ge, and U. In general, the liquid metal ion source (LMIS)
consists of a solid metal nozzle or needle, typically made of tungsten, that
is wet with a continuous supply of a liquid metal. VWhen an electric field is
established between the emitter tip and a suitable extraction electrode, the
liquid metal i{s drawn into a sharp polnt such that the electrostatic and sur-
face tension forces are balanced. The resulting cone tip is well described in
the static case by the Taylor model;1 however, in the actual fluid dynamic
operation of the source, the tip behavior may be more complex.2 Because of
the very small radius of the cone tip (hundreds of Angstroms), the local elec-
tric field becomes sufficiently strong (~1 V/R) to extract positive ions from
the liquid metai. Total emission currents in excess of 100 A bave been

achieved in many cases, with very high long-term stahbility.

The conditions that exist at the tip of the LMIS described above can also
pruduce electron field emission 1f the potentials are reversed. This type of
source has heen demonstrated by Swanson and Schwind.3 Although fleld-emission
electron sources are well known and extengively used in electron microscopes,
they have typically depended on solid needle-point "whiskers” of tungsten tou

produce the requisite field strength. On the other hand, the use of liquid
metal sources for intense electron field emission has not bheen investigated in

a systematic manner.
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;:ﬁ When operated in the electron field-emission mode, a Ga/In liquid metal
;:i emitter produced extremely high peak currents Iin a free-running self-pulsing
:tf mode.3 Current pulses with peak values of 40-60 A have been measured from a
!‘ _ single tip, with rise times of 2 ns and 3-5 ns full width at half maximum (fwhm).
i;& The pulse repetition rate depends on the RC time constant of the circuilt and
;fﬁ the power supply. Repetition rates of between 40 and 80 kHz have been mea-
&’ sured. In this mode, the current goes completely to zero after each pulse and
g stays at zero if the volrage is removed. The explanation offered for this

qé pulsing behavior is that as the field is applied, the tip radius decreases,
:*§ thus increasing the tip field strength and therefore the electron emission.
Y Localized heating at the tip results from the enerpy-exchange processes that
"y accompany field emission. This heating can be sufficlently rapld and exten-
l:ﬁ sive to evaporate the liquid metal in an explosive event that momentarily

.~$ shorts the diode with a large burst of current. The tip then collapses

:H because the field drups as the diode is shorted. However, as soon as the tip
“a collapses and the current flow is interrupted, the field reappears, and the
.:j tip begins to re-form as the liquid metal flows into position to heal the

_E; damage. A new tip then begins to form, and the process repeats itself, lead-
;b{ ing to a rapid self-pulsing effect.

i; ] Two energy-exchange processes are responsible for the heating ohserved in
ZF? the Ga/In source described above. At low electron emission currents, the
T'?: energy exchange is dominated by the so—-called Nottingham effect. This effect,
33‘ which can produce either heating or cooling of the cathode, arises from the
\{; net difference in energy between the source of electrons (the liquid metal)
X;é and the free electrons emitted by the tip. The second energy-exchange process
;; is the more familiar resistive, or Joule, heating. This latter process is

:F important at higher emission currents and is due to the finite electrical

gﬁ, resistance of the metal. Since large numbers of free electrons must be sup-
?:2 plied from the electrical source through the liquid metal to the tip, the

;:j Joule heating prouduces a very rapld temperature rise.

f‘? A single liquid metal field-emission tip operating in the self-pulsing

“5 mode would not be applicable to the pulsed power situation under consideratioun
:f‘ here. However, the total peak current required for switching applications

Ld could be achieved by an array of such liquid emitters. If a 10 x 10 array of
{ sources were made so that each of the 100 sources produced about 50-A peak

4

Y Y L% aa A B e T I T N BN TS NG T T T N S T [ % Wiy e
O e fy Jﬁ; \$~) Y T Ny 0% o~ Ll

n.\"l« .J,‘I t‘;!' ‘” ?" oﬁ“-"!‘“ "o.:?.ﬁ.n

'\-.--.-.-.-...-.‘r.,‘._\.\-\

-I'

{ \’
F R/ .. K 'l (Kl A:c‘!‘a ;‘&"‘&’:o.gll . ‘ \ ~




™
e

>
jt current pulses, then it would be possible to produce 5 kA of peak switched
Ny current. For such an array to work, all the tips would have to “explode” very
; . nearly simultaneously because of the shorting effect of the tip explosion.

2 This would require accurate fabrication of the cathode structure, or indivi-
E dually controlled tips all acting in parallel, or both. One feature of the
™~ liquid emitter seems to be that the onset of the explosive emission is repeat-
: able for a given tip. Thus, 1t may be possible to make a small array with
:3 tips that can be individually biased to within a few volts of the onset of
;ﬁ: emission and then pulsed together to trigger simultaneous emission. The
o maximum current pulse reported by Swanson and Schwind for a single tip was
c 250 A. Thus, a four-tip array with simultaneous triggering would switch a
}E 1-kA pulse.

E Another alternative would be to fabricate a much larger array such thart
; enough tips would explode at any given time to switch the required current
:C loads. In a 100 x 100 array, only 0.047 of the tips would have tuv trigger
’ig simultaneously to switch the same load. If the average emission pulse is
10 ns and the self-pulsing rate is 100 kHz, then there is a high pcobability
§~ that four or more tips would trigger simultaneously. Thus, the multipoint
§~ array would not require individual tips to be controlled but rather would
_E depend on the random pulsing of a large number of tips.

g Another possible approach to the multicip array is the use of a linear

source. Clampitt and coworkers4 reported that when molten metal forms a thin
f? film along a linear structure ("razor blade”) in the presence of strong a

5 electric fleld, a perlodic cusp-like structure 1Is generated. The periodicicy
:k of the cusps Is determined by the fleld strength and the surface tension of
" the liquid. Each cusp then acts as a independent emission site, resulting in
'; a one-dimensional, linear array of tips. Although Clampitt's work demon-

j strated this type of source only for {fon emission, it is reasonable to expect
;f a similar effect to pruduce electrun emission under the correct conditions.
f} The liquid metal fleld emitter has several appealing features for the

: fast, repetitive switch application. Tt can deliver very large peak currents
o in a pulgsed mode without destroying itself. It Is self-healing in the event
& of discharge, since the working tip material {s resupplied by the liquid. The
" liquid metal field emitter can supply Its own positive fons for space charge
e neutralization. Tt can he shut off rapidly, and its emission {s highly
>
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iﬁg repeatable for a given peometry. Figure 2 is a diagram of a triode-vacuum
::f' switch based on a liquid mectal field-emitter array.
o
( ) The nanosecond pulse lengths reported in the literature for liquid metal
Py electron emission sources are too short with respect to the millisecond L/R
,t; time constants of the desired switching circuits. As noted above, liquid
:%g metal positive ion sources can easily operate in the dc mode. The explousive
fjs evapuration that Swanson and Schwind observed for the Ga/In electron source
!;\ does not occur in the ivon emission mode, primarily because the Nottingham
s'js effect serves to cool the source rather than heat it. Thus, if the electrun
h :: source can similarly be made to operate in a mode in which the Nottingham
R effect does not heat the liquid metal tips during emission, long-pulse or even
’?J dc¢ operation should be possible.
) -"'.
;fj The facturs that govern borth the magnitude and sign of the Nottingham
:;I effect are complex functions of the liquid materia. properties (surface ten-
.‘f sion, work function, heat capacity, thermal conductivity, etc.), the field
;iﬁ strength, the fluid dynamics of the system, and emission characteristics of
’;E the tips. Thus, it 1is not possible to determine heforehand which systems
:; would yield electron emission with little or no energy transfer to the liquid
{ metal tip. However, the systematic investigation of a variety of liquid
'i?f materials in conjunction with differing tip geometries and suhstrate materials
;ii: would provide much of the necessary Informarion. For example, one attractive
:: combination of emitter tip material and substrate material 1is liquid cesium

flowing on a molybdenum needle tip. A partial monolayer coverage of cesium on

3o

,~$ molybdenum is known to produce a surface of very low work function (~1.1 eV). A
N
‘::: number of other such combinations are known and may prove of value in this

2]

“~

G

>

application. 1In fact, mixed emitter materials such as zirconium-oxygen-tungsten

when used in a cold-cathude electrun field-emission source have demonstrated

(!

£
r

significant cooling of the tips with increased emission.5

A

An additional poussibility for controlling the emission characteristics of

"
’:'r'v
_a_a_»
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liquid metal tips is laser—-assisted or -activated photoemission. Recent wurk
on the electrun emissiun characteristics of thin film alkali photocathodes

indicates that larpge peak current density pulses (~75 A/em?) can be readily

obtained using luw power laser excitation.® This behavior suggests that the
1iquid metal tips could similarly yield large current density pulses of

electrons under laser irradiation. This appruvach has the advantage of a very
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rapid switching time, governed bv the laser pulse shape. Thus, an array of
liquid emitters (either two-dimensivmal or linear cusps) could be biased to a
point just below their nominal fileld-emissioun pouint and then switched ovn by a
low=-power, nanvsecond laser pulse. If the tip hlas voltage were simultane-
ously raised above the emission threshould value, then the electrun emissioun
initiated by the laser pulse might be sustained by the static field. This
combination could produce long-pulse or even dc switch action with very fast

switching time and high-peak-current density.

The use of laser initiated electron emissioun has heen reported only with
thin film alkali photocathodes and not with 1liquid metal tips sources of the
type propused for study. However, in preliminary experiments in our labura-
tory, we have observed that when a Cs' beam, formed using a single-tip liquid
emitter, was irradiated with the unfocused 514.5-nm line from an Art laser,
positive ion emission stopped. At the same time, intense electron emission
was detected. A systematic study of this process using the wide variety of
laser excitation sources available, with regard to both pulse characteristics

and photon energy, 1s needed to apply this triggering mechod.
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RESEARCH PROGRESS

The goal of the initial phase of research was to investigate the pulsing
characteristics of a simple single-tip liquid metal field-emission source.
Because this type of source has only been described briefly in the literature
by Swanson and Schwind,3 it was important to duplicate their results. Experi-
mentally, this task consisted of assembling a suitable vacuum test stand,
fabricating a liquid metal field-emission diode, and measuring its electron
emission characteristics. Each of these tasks is described below, along with
a presentation of some representative results. Additional details and discus-
sion can be found in the Appendix, "Characteristics of a Pulsed, Liquid Metal

Field-Emission Source for Use in Fast High-Current Switches,” presented at the

Symposium on Innovative Science and Technology, Los Angeles, CA, in January 1988.

Experimental Details

The vacuum test stand used for this work consisted of a large (45-cm dia-
meter, 25-L volume) aluminum chamber pumped by a baffled 6-in. oil diffusion
pump. Base pressures were typically 1l x 1076 Torr, rising to varying degrees
(see below) when then source was operating. The front flange of the chamher
was fabricated from Lucite to allow continuous ohservation of the emitter tips
under actual operating conditions. In addition, a smaller window was provided
on the rear vacuum flange to permit observation of the optical emission spec-

trum accompanying the electron emission.

We investigated three liquid metal field emitter tip configurations,
including a commercially available tungsten needle.’ This needle has a
nominal opening of 0.001 in. In the simplest configuration, the needle is
mounted to a Swage-lock fitting connecred to a length of 0.25 -in. diameter
Teflon tubing. The tubing exits through the vacuum chamber and serves as the
feed source fur the liquid metal and permits adjustment of the pressure behind
the emitter tip. Figure 3 is a diagram of the standard emitter tip experi-

mental configuration. The Teflon feed line can he evacuated or pressurized

with an added gas.
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The other two emitter tip geometries consist of an open pool of liquid
metal with an etched tunrsten whisker protruding through the droplet our a
heated pool of liquid metal without the whisker. These configuratiovns are

illustrated in Figures 2(a) through (c) of the Appendix.

The emitter tip forms the cathode of a simple diode structure. The anode
is formed by an extraction aperture and collector plate that are spaced apart
by 10 cm but electrically connected. The tip 1is mounted such that it is
coplanar wicth the 0.25-in.-diameter extraction aperture. This confipuration
essentlally duplicates that of Swanson and Schwind. Electrically, the anode
structure is connected to a variable 0- to 25~kV power supply through either a
10-M2 or 100-M" ballast resistor. The cathode tip 1Is grounded through the

50-" input impedance of a Tektronix model 2430 digital sturage oscilloscope.

Operation of the liquid metal field-emission source is straightforward.
Befure the test stand is evacuated, a supply of Ga/In alloy (a liquid at rooum
temperature) is placed in the Teflon tube near the emitter tip. During pump-
down of the test stand, the volume behind the Ga/In supply is evacuated using
the pumping system shown in Figure 3. This step prevents the trapped gas
behind the liquid metal from forcing the alloy through the tip into the luw
pressure rvegion of the main chamber. Once the test stand has been evacuated,
the liquid metal must be pressurized, so that begins to flow through, and wet,
the tip. Once liquid metal is seen to prutrude from the tip, the high-voultage
hias can be applied. The open pool emitter configurations require no special
preparations for vperation. The liquid metals will typically wet the tungsten
whisker and be pulled along its length to the tip. The heated emitter bhegins

operating as soon as the temperature 1is raised to the melting point of the

metal.

Depending on the exact tip configuration, prior conditioning, etc., the
voltage threshold for field emissfon may vary from a few to 15 kV. At thres-
hold, the electron emission is somewhat erratic, triggering the scope at ran-
dom. However, with only a modest increase in voltage above threshold
(1-200 volts), the emission becomes more stable. Using the averaging capabi-
lity of the 2430 scope, we can accumulate a number of electron pulses to

accurately measure the average pulse height and time bhehavior.
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Figure 3. Expermental configuration used to measure pulsed electron

field-emission characteristics.
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Pulsed Electron Emission Characteristics

Figure 4 shows a typical trace recorded in the manner described ahouve.
The average peak pulsed electron current is seen to he ~26 amperes. The pulse
rise time 1Is measured tu be 1.6 ns, with an fwhm of 3.5 ns. Under our experi-
mental conditions (effective circuit capacitance of 30 pF), the measured repe-
tition rate was 10-20 kHz. Although this pulsing rate is somewhat slower than
that reported by Swanson and Schwind (40-80 kHz), the pulse shape and peak
current are comparable. This simple emitter configuration yielded stable
operation for many hours with a signal of the type characterized by the trace
in Figure 4. To sustain this long-term ouperation, however, we had tu apply a
slight positive gas pressure hehind the liauid metal. Even under these condi-
tions, the pressure rise in the chamber amounted to only 5 x 1073 Torr. This
small pressure rise indicates that the gas used to force the Ga/In alloy

through the tip does not pass directly into the vacuum chamber.

An alternative operational mude was observed when the added gas pressure
was increased beyond that required tou sustain a normal liquid metal tip. This
alternarive mode was characterized by a greater rise in chamber pressure
(5-8 x 1074 Torr), indicating that the added gas was “"channeling” through the
liquid metal and passing directly into the vacuum chamber. A typical electron
pulse in this mode is shown in Figure S5 using argon gas with the same Ga/In
alloy that produced the results in Figure 4. The peak electron current
clearly 1s greatly enhanced, reaching ~78 A. In additfon, the rise time is

now less than 1 ns, while the fwhm is alsu reduced to 1.4 ns.

The mechanism responsible for this improved performance is not yet under-
stood. However, prolonged operation in this mode (many hours) results {n a
significant erosion of the emitter tip. This erosion typically resulted in an
increase in throat size from 0.001 in. to as much as 0.010 {n. Some additio-
nal qualitacive oubservations can be made concerning uperation in the enhanced
mode relative to the normal mode. TIn the normal mode, electron emission is
accompanied hy optical radiation produced at the tip. This optical emission
was also ohserved by Swanson and Schwind to be localized at the tip [compare
Figure 4(c¢) in reference 3]. Visually, this emission appeared to be
bluish-white, with a very small spacial extent. On the other hand, in the
added gas mode with argon, the appearance of the optical emission changed

significantly. Under this mode, the spacial extent of the emission was much
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Figure 4. Field-emission electron pulse for Ga/in (75/25) with anode
at 10 kV.
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:~; Figure 5. Field-emission electron pulse for Ga/in (75/25) with added
argon gas at 10 kV anode vottage.
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larger (many millimeters) and had an appearance mure characteristic of an
argon emission spectrum. These qualitative observations were substantiated by
measurements of the dispersed emissioun spectra (see beluw). In addition to
the changes in the light emitted from the tip region under the two operating
mudes, the added gas mode alsou pruduced an incandescent region just at the rim
of the emitcter. Because of the small size of the tip, this region cannot he
localized to the inside of the tip, the rim itself, or the entire rtip

region. The incandescence seems tou indicate that the tip region is being
bombarded, most likely by positive ions accelerated in the extraction field.
In addition to causing the incandescent glow, these lons may alsu gemnerate
secondary electrouns that would contribute to the enhanced field-emissiun
pulse. This mechanism dues not, however, address the changes in the tempoural
hehavior uf the electrun emission. In fact, a simple calculation shows that
fur the experimental extraction field strength of ~3.2 x 10% v/em (10 kv
between the tip and the extraction electrode, 0.32-cm spacing), argon ions
could only reach the tip in a time short compared with the l-ns cise time of
Figure 5 if they were formed within 4 x 10~4 cm of the tip repion. However,
ions furmed that cluse to the tip would only bhe accelerated to 12 eV hefore
striking the emitter. This energy 1s not sufficient to produce secondary
electrons. Moreover, the primary electruns emitted by the tip would similarly
have only about 12 eV of energy at the 4 x 1074 ¢m distance, where argon {lons
wouuld need to be furmed hy electronm impact ionization. Since this energy is
below the arpun fonization potential, this mechanism does not seem to fit the
observatiuns. Nonetheless, some interaction between the added gas and the tip
causes the Incandescence, although it 1s not clear at this time whether this

process is related to the enhanced electron emission or altered pulse shape.

We conducted several brief experiments using added rases other than
argon. Both helium and hydrogen produced similar results: enhanced electron
emission with a corresponding narrowing of the pulse length. Because the
exact cunditions are difficult to reproduce using the existing configuration,
we cannot determine 1f the gas pressure and liquid metal supply were compar-
able from one gas species to the next. Thus, we canno: determine from these
results if one of these gases is mure effective than another at enhancing the
electron emission. This type of quantitative comparison requires a confip ra-
tion that uses an independent liquid metal feed system so that the emitting

tip can be maintained constant while only the added gas species 1s changed.
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We also tested an alternative method of adding argun gas to the system.
Rather than adding the gas to the liquid metal feed system, we simply admitred
the gas to the vacuum chamber to give the same appruximate pressure rise. The
enhanced mode of operation could not he produced under thouse condition, burc
rather the emitter behaved exactly as with only tke Ga/In. Thus, it appears
important for the argon to be at a relatively high pressure at the local site

of electrun emission.

While experimenting with the added gas operational mode, we ouhserved that
very high flow rates of argon (as determined by a correspondingly large rise
in chamber pressure) produced a pulsed electron field-emission signal with a
much longer pulse length. We conducted further experiments using the counfipu-
ration in Figure 3 without liquid metal. A typical electron pulse is shown in
Figure 6 for argon at 10-kV anovde potential. Although the peak current is
only 3-4 amperes, the fwhm is >50 ns while the rise time remains helow a few
nanoseconds. The rapid oscillatory structure may he due to signal-processing
effects, although it is somewhat reproducible. Interestingly, the electrun
field-emission using only argon gas is also pulsed at a rate of a 1-2 kHz.
Clearly, the origin of the pulsing with pure argon is not the same as four the
collapse/reformation mechanism of the liquid metal. The pulsing is most
likely due to the complete shorting of the diode caused by the large inte-
grated current flow followed by collapse of the electric field. Although the
fleld is reestablished rapidly, the limited capacity of the power supply,
coupled with the circuit capacitance (30 pF), leads to a "charging” time of

~1 ms before electron emission can be initiated again.

By increasing the capacitance of the charging circuit from 30 pF to
S00 pF using an extermal capacitor, the pulsed electrun signal shown in
Figure 7 was obtained. Under these conditions, the peak current is 1R A, with
a fuhm of ~300 ns. The field emission signal appears to have the same initial
rise time and structure as the low capacitance pulse in Figure 6. However,
after a few tens of nanoseconds, the current begins to increase again, then
peaks, and falls to zero. This unusual temporal behavior is not fully under-
stood. In this mode, the repetition rate fell to ~100 Hz, probably owing to
the limitarions of the power supply. The corresponding average pulsed current
in this confipuration is 0.36 mA, or 3.6 kW, of average power from a single

emitter tip.
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Figure 6. Pulsed electron field-emission using only argon gas.
Effective circuit capacitance of 30 pF. Anode voltage 10 kV.
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(M Figure 7. Pulsed field-emission signal using only argon gas.
Effective circuit capacitance of 500 pF. Anode voltage 10 kV.
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However, as did the Ga/In/Ar moude, the gas-unly mode resulted in a sieni-

ficant erosion of the emictter tip within a few hours of operation. Similar

ad' field emission mechanisms may he respunsible for the increased electrun cur-
oY rent observed in the presence of gas. Simply reversing the power supply

fg polarity produced a very stable, dc discharge fon source. This mode of posi-
,53 tive ion formation is typical of both hollow cathode sovurces and the

fj;. commercially produced "Capillatron”™ ifon source.

; ¢; Two major shortcomings of the simple needle-type emitter tips are the
;;ﬁ difficulty sometimes encountered in wetting the tip and producing a continuuvus
:;: flow of metal and the erousion noted in enhanced mode operation. To overcume

) these prublems, we tested an alternative field emission device, as shown

S;ﬁ schematically in Fipure R. The emitter tip consisted of a 0.001-in. diameter
iéi tunpgsten wire etched to produce a very fine whisker tip. The liquid metal was
3': then "pooled” around the tip in a small depression formed in the cathode

g plate. We used a ternary eutectic of Ga/In/Sn (62.5/21.5/16) having a melting
;?EE puint of 10.7°C. This configuration operated reliably, producing modest peak
\:: currents and pulse shapes typified by the oscilloscope traces shown in

;j: Figure 9. The peak current in Figure 9 is 6 A, measured both as the electron
o pulse arriving at the anode and as the current drawn by the cathode. The

'AS measured rise time was generally long, 30-50 ns, with a fwhm of 50-75 ns.

:ﬁ This type of fleld-emission source has the advantage of simplicity over the

o

kY

needle-type source, at the expense of lower currents. A possible reason for

the reduced peak current levels is the limited supply of metal available at

,&‘ N

N ALw

the tip of the tungsten whisker.

B g

., The threshold for electron emission depends primarily on the electric
ﬂ?) field at the tip of the liquid metal. The tip radius, in turn, depends on the

liquid metal used. To a first approximation, the radius 1is proportional to
> 1/2

" ' Vg , where g is the surface tension of the liquid. Filpure 10 shows the
)
::' average field emission currents measured as a function of diode voltage four
ol
v indium (ys = 560 dyn/cm), gallium/indium (vs = 690 dyn/cm), and potassium
h " (vs = 86 dyn/cm). The measured thresholds for indium and gallium/indium are
ny
“:* similar, whereas that for potassium is much lower. This trend is in qualita-
™ "
::: tive agreement with the expected dependence on surface tension. In addition,
v,
,:vﬁ the results In Figure 10 show that the average current i{s a linear function of
~|; the applied voltage over the range studied. Furthermore, the average current
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Figure 8. Alternative liquid metal field-emission configuration
using a wetted whisker.
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Figure 9. Electron field-emission pulse from Ga/In/Sn using
configuration shown in Figure 8.

The anode signal (at 12 kV) is shown in the upper trace.
Lower trace is the cathode pulse.
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measured with a 10-M» ballast resistor 1is approximately a factur of 10 larger
than the curresponding values measured with a 100-M0O resistor. This scaling
with load resistance indicates that the current/voltage behavior of the diude
is determined by the ability of the power supply to charge the clrcuit to the

required voltage following each electron pulse.

Figures 11 and 12 show the measured pulse repetition rate for an indium
emitter as a function of applied voltage with the 10-M0 and 100-MQ ballast
resistors, respectively. As expected, the pulse rate 1s a linear function of
the diode voltage. Since both the average current (Figure 10) and pulse rate
(Figures 11 and 12) are linear functions of the voltage, the current per pulse
remains essentially constant with voltage, as clearly shown by the data in
Figures 11 and 12. Apparently, once the diode exceeds the threshold voltage,
the electron pulse size cannot be increased hy increasing the voltage. This
behavior implies that the maximum possihle surface area is active fur voltages
just above threshold. The only effect of raising the diode voltage 1s to re-

duce the charging time between pulses.

Figures 13 through 16 give the corresponding results measured for
gallium/indium and gallium/indium/tin. In each case, not only is the current
per pulse constant above threshold, but its absolute value 1s very similar,
ranging between 0.3 and 0.35 pA. TIn contrast, Figures 17 and 18 show the
results for potassium, where the current per pulse is seen to be much smaller,
0.052 pA, although it is still constant with voltage. This marked difference
may be assuciated with the differing work functions and thermal conductivities

of the metals.

Swanson and Schwind3 reported that prior to the onset of explosive emis-
sion, an ~3-ns period of slow current rise could be seen, corresponding to
pure electron field emission. A similar result 1Is found here, as shown in
Figure 19. 1In the present case, the linear onset period appears to he
~10 ns and reaches an amplitude of only a few milliamperes before the main
pulse 1s produced. On the other hand, Swanson and Schwind found the onset of
explosive emissfon to occur at ~50-mA emission. These differences may be
assoclated with the different liquid metals used and the different diode

gevmetries.,
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Oprical Emissiun Studies

Under normal operating conditions, the liquid metal field emissiun
electron source produces a considerable level of optical radiation. As noted
abuve, the spacial extent and qualitative appearance of the optical emissiun
changes with the mude. With only the Ga/In allov, the emission appears at the
verv tip of the needle and 1s bluish-white. This emission was also ouhserved
and photugraphed by Swanson and Schwind.3 In the enhanced mode with argun as
the added gas, the optical emission is mure diffuse, extending many milli-
meters from the tip, and has an appearance mure characteristic of arpgon dis-
charge. Although this optical emission was observed previously, the dispersed
spectrum apparently was not measured. Tt seems reasonable to assume that the
spectrum contains information on the emitting species and may shed sume light

on the mechanisms producing the electron emission in each mode.

The experimental arrangement shown in Figure 20 was assembled to record
the optical emission spectrum produced by the liquid metal field-emission
source. The light from the emitter tip was focused onto the entrance slit of
a scanning 0.5-m monochrumatour equipped with an RCA 8850 photomultiplier
tube. Optical spectra were recorded using a PDP 11/2 computer to slowlv scan
the monuchromator while counting the pulses from the photo tube. The overall
light collection efficiency was not very high, and wide monochromator slits
were needed to obtain measurable signal levels. The resulting spectral reso-
lurion was typically 0.5-1 nm. This resovlution is sufficient to identify some
of the ovbserved emission lines, particularly those assoclated with argon; how-
ever, it is too low to assist with identification of many unassigned lines
(see helow). Furthermore, because of the low signal levels, long scan times
were required (20-60 minutes), during which it was difficult to maintain the
steady operation of the source. Thus, relative peak helghts cannot provide

reliable infourmation.

Since we can assume that the optical emission is directly assouclated with
the electrun pulse, {t should be tempourally correlated. Figure 21 shuws the
vsclilloscupe traces correspounding to the electrun pulse (lower trace) and the
photun pulse (upper trace). The apparent 50-ns delay {s accounted for bv the

photuelectroun transit time of the 8850 photumultiplier tube.

Figure 22 shows a typical optical emissfon spectrum between 400 and

500 nm with the source vperating with Ga/In only. The conditions were similar
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tu those used tu record the electrun pulse signals in Figure 4. 1In this wave-
length range, three lines are associated with neutral Ga and four lines arise

from neutral In atomic emissiuvn. Two other lines can be associated with ionic

indium transitions. Of particular interest 1s the line centered near 426 uam.

‘* > This feature is clearly bruader than the others and may be associated with a
.

‘ﬁnj molecular species. Little is known concerning the optical emission spectra
.“-

> assoclated with Gas, Inz, and GalIn molecules. Ginter et al.8 have reported

B "

,/-J

some electronic transitions arising from G32 and Inz; however, most are at

wavelengths in the UV range or longer than 500 nm. These authors also report

)

}5 a feature at 482.4 nm that they associate with the Galn molecule. The prom-
?E inent transition atr 485.6 nm that appears in Figure 22 may be due to that
j\: species rather than to In+, although more detailed studies are required rto
ot establish this with certainty. 1In general, the lack of strong molecular emis-
t?: sion and the presence of excited ions 1is indicative of very high effective
;&? temperatures in the emission region.
B .
;r- In contrast to the relatively simple spectrum of Figure 22, the optical
i:i emission spectrum associated with the enhanced Ga/In/Ar mode shown in
Ti:{ Figure 23 is considerably more complex. The majority of transitions can be
E;ﬁi readily assigned to the argon atom. The wavelengths indicated in the figure
3‘%‘ are the known positions for a number of argon atomic lines.
’,25 Because the emitting species are confined to the region of the field
g

emission tip, they are subjected to very high electric field strengths

.
[
Hh G h

-

'bl

(1 v/*). Thus, the emission lines will be suitably Stark-shifted. Provided

that the line positions can be determined with sufficient accuracy, it should

Iy

h)
N A

be pussible to use the measured shifts to determine the corresponding electric

-
[y
»
-

field strength at the point of emission. This method offers a simple diagnos-

a

NS
L o

tic of the field-emission process. Unfortunately, the low resolution used to

o

obtaln the data in Figure 23 does not warrant a detailed analysis of this

.
)

tvpe. Nonetheless, the utility of this approach 1is apparent, and it will be

expluited {n the near future.
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CONCLUSIONS

l./‘: - '
SE [ — i o .
f i

Liquid metal field-emission sources appear to have desirable charac-
teristics as the active element of a high-current repetitive switch. The
results we obtained indicate that many of the operational parameters of these
devices can be controlled, although the mechanisms are not ng understuood. In
particular, the enhanced mode of operation found for the é;/In7Xf’syscem gives
very large, narrow current pulses by an unknown mechanism. The use of various
diagnostics, including the dispersed optical emission, may provide soume in-

sight into these mechanisms.

Additional research is required to determine the optimum configuration
for a practical switch. The choice of metals, the diode geometry, and the
triggering mechanism will need to be addressed before the liquid metal

field~emission device can be incorporated into an active switch. _.-
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ABSTRACT

A liquid meral iun source (LMIS) of the type used fur ion beam litho-
eraphy can also be used to produce large pulses of electrons via fileld emis-
: sivn. These sources typically consist of a small capillary through which a
! liquid metal is forced. The application of a voltage between this capillary
and an extraction anode causes the liquid metal to form a sharp cone. When
D, the intense field at the tip exceeds the threshold for field emission, a large
electron current flows from the tip to the ancde. The production of this
electroun pulse results in the rapid heating of the liquid metal tip, leadinp
to an explosive pressure increase and collapse of the tip. As the field is
testored, the tip re-furms, with a resultant self-pulsing mode of operation.
P The pulse crepetition rate, the average current, and the current per pulse are
all functions of the metal composition, emitter geuvmetry, and applied diode
voltage. These characteristics are reported for a variety of conditions and
show that a single emitter tip can produce current pulses In excess of 50 amperes,
with a rise time of a few nanoseconds and a width of 5-50 ns. Repetition
rates vary between 10 Hz and 20 kHz. In addition to the observed electron
emission, optical radiation 1s also produced. The dispersed visible spectrum
shows predominanctly emission from neutral atomic species, presumably excited

by electron impact in the gas phase.
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INTRODUCTION

Many developing technolougies, such as electrumagnetic propulsion,
directed energy applications, and controlled fusioun, involve the use of pulsed
power techniques. This technology normally incorporates capacitive sturage of
eleccrical energy that is rapidly delivered tv a load by means of fast switches
sach as spark gaps. However, inductive sturage 1s of considerable interest
primarily because of the order of magnitude improvement in stored energy
density. One key problem limiting the development of an Iinductive storage
system 1s the lack of a fast, reliable, repetitive opening switch. A number
of techniques are being Investigated for the development of such switches,
with the majority taking the form of electron-beam contrulled discharpe
devices.l’2 The present study focuses on the application of a very different
technology to the problem of fast repetitive switching: a vacuum triode with
an active element formed by a liquid metal field-emission electron source.
This novel electron emission source has the promise of providing low voltage
control, fast response time, high electron emission current density, high
voltage standoff, vacuum operation, and a long operational lifetime.

Positive ion sources bhased on field evaporation/field ionization of
liquid metals have bheen under investigation for a number of years. These
sources have been successfully operated in a dc mode to produce ions of a wide
variety of elements, 1including atomic and molecular fons of Li, Cs, Sn, Ga,
In, Hg, Au, Bi, Ge, and U. 1In general, the liquid metal {on scurce (LMIS)
consists of a solld metal nozzle or needle, typically made of tungsten, that
is wet with a continuous supply of a liquid metal. When an electric field is
established between the emitter tip and a suitable extraction electrode, the

liquid metal is drawn into a sharp point such that the electrostatic and
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surface tension forces are balanced. The resulting cone tip is well described
in the static case by the Taylor model;3 however, in the actrual fluid dynamic
operation of the source, the tip behavior mav be more cumplex.4 Because of
the very small radius of the coune tip (hundreds of Angstroms), the local elec-
tric field becomes sufficiently strong (1 V/®) to extract positive ions from
the liquid meral. Total emission currents in excess of 100 A have heen
achieved in many cases, with very high long-term stability.

The conditions that exist at the tip of the LMIS described above can also
produce electron field emission 1f the potentials are reversed. This type of

source has been demonstrated by Swanson and Schwind.>

Although field-emissiun
electron sources are well known and extensively used in electron micruscupes,
they have typically depended on solid, needle-point “"whiskers” of tungsten to
produce the requisite field strength. On the other hand, the use of liquid
metal sources for intense electron field emission has not been investigated in
a systematic manner.

When operated in the electron field-emission mode, a Ga/In liquid metal
emitter produced extremely high peak currents Iin a free-running self-pulsing

mode . 5

Current pulses with peak values of 40-60 A have been measured from a
single tip, with rise times of 2 ns and 3-5 ns full width at half maximum (fwhm).
The pulse repetition rate depends on the RC time constant of the circuit and

the power supply. Repetition rates of hetween 40 Hz and 80 kHz have been mea-
sured. In this mode, the current goes completely to zero after each pulse and
stays at zero if the voltage 1s removed. The explanation offered for this
pulsing behavior 1is that as the field is applied, electrostatic forces draw

the liquid metal into a cone with decreasing tip radius. The tip radius at a

given electric field strength depends primarily on the surface tension of the

liquid metal. As the tip radius decreases, the local field strengrth in the

43

P 2 PR e o SR ARG Y o NN A T T SO L S PN
2 xr: :( Gt A M N R A N R ARG N e S e Voo

U A DU SRR ™ .‘.%.h,!.:hf.é'.!.'fl.".hf\'.wk‘. s A T S TR T Tt

AN M
AT ST

vt




vicinity of the tip increases to the polnt where field emission of electrons
becumes possible. Localized heating at the tip results from the energyv-exchange
pruocesses that accompany field emission. This heating can be sufficiently

rapid and extensive to evaporate the liquid metal in an explosive event that

momentarily shorts the diode with a large burst of current. The tip then

L4

Pd

collapses because the field drops as the diode is shorted. However, as sooun

(SN
e

as the tip collapses and the current flow is interrupted, the field reappears,

2

[
E

and the tip begins to re-form as the liquid metal flows Into position to heal
the damage. A new tip then begins to form, and the process repeats itself,
leading to a rapid self-pulsing effect.

Two energy-exchange processes are responsible for the heating observed in
a liquid-metal source described above. At low electron emission currents, the
energy exchange 1is dominated by the so—called Nottingham effectr. This effect,
which can produce either heating or cooling of the cathode, arises from the
net difference in energy between the source of electrons (the liquid metal)
:a and the free electrons emitted by the tip. The second energy-exchange process
is the more famillar resistive, or Joule, heating. This latter process be-
comes 1important at higher emission currents and 1s due to the finite elec-
trical resistance of the metal. Since large numbers of free electrons must be
- supplied from the electrical source through the liquid metal to the tip, the
?' Joule heating can produce a very rapid temperature rise. A single liquid
oy metal field-emission tip operating in the self-pulsing mode would not yield a
useful pulsed power system. However, the total peak current required for many
ﬂg practical switching applications could be achieved by an array of such liquid
3 emitters. If a 10 x 10 array of sources were made so that each of the 100
sources produced about 50-A peak current pulses, then it would be possible to

produce 5 kA of peak switched current. For such an array to work, all the
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tips would have to "explode” very nearly simultanecusly because of the short-
ing effect of the tip explosion. This would require accurate fabrication of
the cathude structure, or individually controlled tips all acting in parallel,
or both. One feature of the liquid emitter seems to be that the ounset of the
explosive emission is repeatable for a given tip. Thus, it mav be possible to
make a small array with tips that can be individually biased to within a few
volts of the onset of emission and then pulsed together to trigger simultane-
ous emission. The maximum current pulse reported by Swanson and Schwind5 for
a single tip was 250 A. Thus, a four—-tip array with simultaneous triggering
would switch a 1-kA pulse.

Another alternative would he to fabricate a much larger array such that
envugh tips would explode at any given time to switch the required current
loads. In a 100 x 100 array, only 0.047 of the tips would have to trigger
simultaneously to switch the same load. 1If the average emissioun pulse is
10 ns, and the self-pulsing rate 1s 100 Hz, then there is a high probability
that four or more tips would trigger simultaneously. Thus, the multipoint
array would not require individual tips to he controlled but rather would
depend on the random pulsing of a large number of tips.

Another possible approach te the multitip array is the use of a linear
source. Clampitt and coworkers® have reported that when molten metal furms a
thin film along a linear structure ("razor blade”) in the presence of an
strong electric field, a periodic cusp-like structure is generated. The
periodicity of the cusps 1s determined by the field strength and the surface
tension of the liquid. Each cusp then acts as a independent emission site,

resulting in a one-dimensional, linear array of tips. Although Clampitrt's
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work demonstrated this type of source only for fon emission, it is reasonable
to expect a similar effect to produce electron emission under the courrect
condictions.

The liquid meral field emitter has several appealing features for the
fast, repetitive switch application. It can deliver very large peak currents
in a pulsed mude without destroying iltself. 1Tt is self-healing in the event
of discharge, since the working tip material 1is resupplied by the liquid. The
l1lquid-metal field emitter can supply its own positive ions for space charge
neutralization. It can bhe shut off rapidly, and 1its emission is highly
repeatable for a given geometry.

The nanosecond pulse lengths reported helow and in the literature for
1iquid metal electron emission sources are too short with respect to the
miliisecond L/R time constants of many practical switching circuits. As noted
above, liquid metal positive ifon sources can easily operate in the dc¢ mode.
The explosive evaporation that has heen observed for the Ga/In electron source
does not occur in the ilon emission mode, primarily because the Nottingham
effect serves to cool the source rather than heat it. Thus, 1f the electroun
source can similarly bhe made to ouperate in a mode in which the Nottingham
effect does not heat the liquid metal tips during emission, long-pulse or even
dc operation should be possible.

The factors that govern hoth the magnitude and sign of the Nottingham
effect are coumplex functions of the liquid material properties (surface ten-
sion, work function, heat capacity, thermal conductivity, etc.), the field

strength, the fluid dynamics of the system, and emissioun characteristics of

the tips. Thus, {t 1s not poussible to determine beforehand which systems
would yleld electrun emission with little or no enerpy transfer tu the liquid

metal tip. For example, one attractive combination of emitrer tip material
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and substrate material is liquid cesium flowing on a mulybdenum needle tip. A
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partial monolayer coverage of cesium on molybdenum is known to produce a sur-

Y

face of very low work function (1.1 eV). A number of other such combinations
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are known and may prove of value in this application. In fact, mixed emitter

N
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materials such as zirconlum-oxygen-tungsten when used in a cold-cathode

.-
o R

$ electron field-emission source have demonstrated significant cooling of the
*EE tips with increased emission.’
;ﬁ‘ An additional possibility fur controlling the emission characteristics of
:'\f liquid metal tips is laser-assisted our -activated photoemission. Recent work
:S; on the electron emission characteristics of thin film alkall photocathodes
::i; indicates that large peak current density pulses (75 A/cmz) can be readily
‘f¥ obtained using low power laser exeitation.R This behavior suggests that the
.
§§ liquid metal tips could similarly yield large current density pulses of elec-
{{jj trons under laser 1irradiation. This approach has the advantage of a very
au;‘ rapid switching time, governed by the laser pulse shape. Thus, an array of
-
;;i. liquid emitters (either two-dimensional or linear cusps) could be biased to a

point just below their nominal field-emission point and then switched on hy a

Bl b .';".'.

low=-power, nanosecond laser pulse. If the tip bilas voltage were simultaneously

.

Sy

T

P

raised above the emission threshold value, then the electron emission inici-

'.'
4 Y, 4,0
)

ated by the laser pulse might bhe sustained by the static field. This combina-

5

tion could produce long-pulse or even dc switch action with very fast.switch-

Y

‘S0 ing time and high peak current density.

EERAE

" @

47

"

g™

RS TR
o A% IS I
NV \F‘*\

+ e




SRR
. ’.l “a "'."L’\"‘.

2 [ s -
L
‘1' ¢ l’,
PR A S

7S

ros

(}
st
S,

LR

INCATNEALND

e
M
] \."- 5"-1 { Aol

-,
NN

Ill" ]
cLretl, S W

T )
T A
P

JQ:QJ;

‘:'v‘:'-&.‘.'
sales’e

S @

Ty 3 g ) TRy va v o, u Ty 4 gt afh aba oid aFa o bl OV OO TN U TR TR O

EXPERIMENTAL DETAILS

The vacuum test stand used for this work consists of a large (45-c¢m dia-
meter, 25-L volume) aluminum chamber pumped by a baffled 6-in. oil diffusion
pump. Base pressures are typically 1 x 10—6 Torr, rising to varying degrees
(see below) when the source 1s operating. The front flange of the chamber 1is
fabricated from Lucite to allow continuous observation of the emitter tips
under actual vperating conditions. 1In addition, a smaller quartz window is
provided on the rear vacuum flange to permit observation of the optical emis-—
sion spectrum that accompanies the electron emission. As shown schematically
in Figure 1, the emitter tip forms the cathode of a simple diode structure.
The anode is formed by an extraction aperture and collector plate that are
spaced apart by 10 c¢m but electrically connected. The tip is mounted such
that it is coplanar with the 0.25-in. diameter extraction aperture. Electri-
cally, the anode structure 1is connected to a variable 0- to 25-kV power supplyv
through a ballast resistor. The cathode tip is grounded through the 507 input
impedance of a Tektronix model 2430 digital storage oscilloscope. The ballast
resistor used was either 10 M0 or 100 M0, and the overall capacitance of the
system was approximately 30 pF.

In these preliminary experiments, we have investigated a number of liquid-metal
emitter tip configurations, including a commercially available tungsten needle.q
This needle has an nominal opening »f 0.001 in., as shown in Figure 2(a). In
the simplest configuration, this needle 1s mounted tu a Swapelouck fitting con-
nected to a length of 0.25-in. diameter Teflon tubing. The tubing exits
through the vacuum chamber and serves as the feed source for the liquid metal
and permits adjustment of the pressure behind the emitrer tip. The Tefloun

feed line can be evacuated or pressurized with an added gas. This arrangement
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was used ounly for metals that are liquid at roum temperature. Two other
methods were used, both involving an open pool of liquid metal. The configu-
ration shown in Figure 2(b) consisted of an erched tungsten whisker that pro-
truded through a small droplet of liquid metal held in a depressioun furmed in
the cathode plate. The third arrangement, shown Iin Figure 2(c¢), was similar
but lacked the whisker and was equipped with a ceramic heater element helouw
the liquid meral pool, so that higher melting point materfals could be studied.
Operation of the 1liquid metal field-emission source is straightforward.
Before the test stand is evaculated a supply of metal {s placed in the Teflon
tube near the emitter tip for configuration 2(a), or in the appropriate loca-
tions for configurations 2(b) and 2(c). During pumpdown of the test stand
with tip 2(a), the volume behind the 1liquid metal supply is evacuated using
the pumping system shown in Figure 1. This step iIs prevents the trapped gas

behind the 1liquid metal from forcing the alloy through the tip intyu the luw

%: pressure region of the main chamber. Once the test stand has been evacuated,
"~

o

.

\: the liquid metal must be pressurized, so that it hegins to fluw through, and
.{:

wet, the tip. Once liquid metal is seen to protrude from the tip, the
high-voltage bhias can be applied. For configuration 2bh, no additional prepa-
rations are needed, since the liquid metal readily wets the tungsten whisker

‘a and flows along 1its length to the tip. Configuration 2c was typically used

I.}t

L Y O N

with metals requiring heating, such as iondium and potassium. A thermocouple

attached to the cathode allowed the metal temperature tu be adjusted as needed.
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Nepending on the exact tip configuration, prior conditioning, etc., the
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voltage threshold for electron emission may vary from a few to 15 kV. At

b &

threshold, the electron emission i{s somewhat erratic, triggering the scope at

random. However, with only a modest increase in voltage ahbove threshold

Ny

(1-200 voltrs), the emissiun becomes more stable. Be means of the averaging
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capability of the 2430 oscilloscope, it is possible to accumulate a number uf
. electron pulses so that an accurate measure of the average pulse height and

) time behavior can be made.
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EXPERIMENTAL RESULTS

Pulsed Electron Emission Characteristics

Figure 3 shows a tvpical trace recorded in the manner described above us-

ing tip configuration 2(a) with Ga/In (75:25). The average peak pulsed elect-

\
g ron current Is seen to be 26 amperes. The pulse rise time is measured to be
\iz 1.6 ns, with an fwhm of 3.5 ns. Under our experimental conditions (effective
: : circuit capacitance of 30 pF), the measured repetition rate was 10-20 kHz.
! $: Although this pulsing rate is somewhat slower than that reported by Swanson
:EE and Schwind5 (40-80 kHz), the pulse shape and peak current are comparable.
E:: This simple emitter configuration yielded stable operation for many hours with
.jfi a signal of the type characterized by the trace in Figure 3. It was necessary
f;ng to apply a slight positive gas pressure behind the liquid metal however, in
;: : order to sustain this long-term operation. Even under these conditions, the
E.:i pressure rise in the chamber amounted to only 5 x 1075 Torr. This small
he
,E: pressure rise indicates that the gas used to force the Ga/In alloy through the
™,
f;’ tip does not pass directly into the wvacuum chamber.
3::: An alternative operational mode was ohserved when the added gas pressure
izf‘ was Increased beyond that required to sustain a normal liquid metal tip. This
tbﬂ alternative mode was characterized by a greater rise in chamber pressure
";2 (5-8 x 10-4 Torr), indicating that the added gas was “"channeling” through the
: 1liquid metal and passing directly into the vacuum chamber. A typical electron
.: pulse in this mode is shown in Figure 4 using argon gas with the same Ga/In
Iii alloy that produced the results in Figure 3. The peak electron current
>Ei clearly is greatly enhanced, reaching 78 A. 1In addition, the rise time is now
:Si less than 1 ns, while the fwhm i{s alsv reduced to 1.4 ns.
i
5
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‘Eil The mechanism respunsible for this improved performance is not yet under-
i: stuod. However, prolunged operation in this mode (many hours) resulted in a
D, significant erosion of the emitrer tip. This erosion typically resulted in an
t%; increase in throat size from 0.001 {n. to as much as 0.010 in. Some addi-
i:: tional qualitative observations can be made concerning operation in the
;k enhanced mode relative to the normal mode. In the normal mode, electron emis-—
EE' sion 1s accompanied by optical radiation produced at the tip. This optical
-* emission was also observed by Swanson and Schwind to be localized at the rtip
rg [cf. Figure 4(c) in reference 5]. Visually, this emission appeared to he
: i bluish-white, with a very small spatial extent. On the other hand, in the

>
:\' added gas mode with argon, the appearance of the optical emission changed
- significantly. Under this mode, the spatial extent of the emission was much
.-' larger (many millimeters) and had an appearance more characteristic of an
it' argon emission spectrum. These qualitative observations have been substanti-
Av ated by measurements of the dispersed emission spectra (see below). In addi-
}3 tion tu the changes In the light emitted from the tip region under the two
B
o operating modes, the added gas mode also produced an incandescent region just
ii at the rim of the emitter. Because of the small size of the tip, this region
‘Ei cannot be localized to the inside of the tip, the rim itself, or the entire
:5 tip region. The incandescence seems to Iindicate that the tip region 1is being
'15 bombarded, most likely by positive ions accelerated in the extraction field.
'S; In addition to causing the 1incandescent glow, these ions may also generate

: secondary electrons that would contribute to the enhanced field-emissicn
‘:; pulse. This mechanism does not, however, address the changes In the temporal
?Q’ behavior of the electron emission. 1In fact, a simple calculation shows that
:gr ‘ for the experimental extraction fileld strength of 3.2 x 104 V/em (10 KV bet-
.: ween the tip and the extraction electrode, 0.32-cm spacing), argon ifons could

» A
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25 only reach the tip in a time short compared with the 1l ns rise time of

h 18 Figure 4 if they were fouormed within 4 x 10™% ¢m of the tip regicn. However,

L4

a ‘.’ _‘) .‘- :'l

ions formed that close to the tip would only be accelerated to 12 eV befoure

4

striking the emitter. This energy 1is not sufficient to produce secondary

e

Ll 4

i

» 4]

electrons. Moreover, the primary electrons emitted by the tip would similarly

»

have only about 12 eV of energy at the 4 x 1074 cm distance, where argon ions

Ay

; EE would need to be formed by electron impact fonfzation. Since this energy is
f;:* below the argon ionization potential;, this mechanism does not seem to fit the
\ﬁ: vbservations. Nonetheless, some interaction between the added gas and the tip
Eéﬁ causes the incandescence, although it is not clear at this time whether this
32r: process is related to the enhanced electron emission or altered pulse shape.
Y Several brief experiments were conducted using added gases other than
ZEFE argon. Both helium and hydrogen produced similar results: enhanced electron
;:t: emission with a corresponding narrowing of the pulse length. Because the
;Fii exact conditions are difficult to reproduce using the existing configuration,
E;: it 1s not possible to determine 1if the gas pressure and liquid metal supply
.;U; were comparable from one gas speclies to the next. Thus, it is not possible

A%

’:ﬁi from these results to determine if one of these gases 1s more effective than
-
j:: another at enhancing the electron emission. This type of quantitative com-
YA
Y parison requires a configuration that uses an independent liquid metal feed
®
. : system so that the emitting tip can be maintained constant while only the
.\wﬁ
g added gas specles is changed
o g pecles 1is changed.
50
~'ﬁs An alternative method of adding argon gas to the system was also tested.
.v"
? ; Rather than adding the gas to the liquid metal feed system, the gas was simply
. [}
) ’\(
itj admitted to the vacuum chamber to give the same approximate pressure rise.
Dé ~"
f The enhanced mode of operation could not be produced under those conditions,
X
O but rather the emitter behaved exactly as with only the Ga/In. Thus, it
..3
o
",
y
SN
w'e 53
@
i.'
“' ‘.)"‘" et g SR L W o, L ".r".r"f‘V' ".r'.f" A 'v-qrv' s 4
R ATNTAN Y vty R ‘o‘ sn ey
$ qb.‘! .'0 K !‘.‘t N, 'C_ "‘ .C‘c‘ll r“. ': u" -" 'y “1‘. S0 ..0‘. 'l l‘...‘...' ..'0.:‘0 i'. q'.q ‘l'. M" '..n 54 'ol -'l‘ 1y "."I .l




4
Egs appears important for the argon to be at a relatively hipgh pressure ar the
o local site of electron emission.
a‘»: Two major shortcomings of the simple needle-type emitter tips are the
¢ n..
iﬁg difficulty sumetimes encountered in wetting the tip and producing a continuous
‘o)
;Fﬁ flow of metal and the erusion noted in enhanced mode operation. By way of an
fi? attempt to overcume these problems, the alternative field emission device
;¢S shown schematically i{n Figure 2(b) was tested. For these tests, a ternary

.
atﬁ eutectic of Ga/In/Sn (62.5/21.5/16) was used having a melting point of
oo 10.7°C. This coniipuration operated reliably, producing modest peak currents
EE in the range from 5 to 10 A. The measured rise time was generally long,
u:f I0-50 ns, with an fwhm of 50-75 ns. This type of field-emission source has
:ii the advantage of simplicity over the needle-type source, at the expense of
:EE lower currents. A possible reason for the reduced peak current levels is the
;ﬁj limited supply of metal available at the tip of the tungsten whisker. Config-
':;1 ‘ uration 2(c¢) does not have this limitation, although the lack of a cathode
‘:is whisker can result in electron emission from varying points on the surface of
;:; the liquid metal.
'i“ Figure 5 shows the measured electron emission peak shape as a function of
:EE the puwer supply voltage for liquid indium using emftter type 2(c). Several
.EE ohgservations can be made from this data. First, the pulse widths are larger
:_; than for emitter type 2(a), although comparable to those for type 2(b). The
'f; emisston pulse for a 10-kV applied potential (near threshold for emission)
3{ shows a slower rise time and a peak current of 5 A. Increasing the voltage to
3
B.. : 15 kV decreases the rise time and increases the peak current to 7 A, A fur-
N
‘:E ther increase in the voltage to 20 kV produces no substantial change in either
: *2 the tempoural hehavior or the emitted peak current.
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in As noted above, the electron emission characteristics of these devices
ft? depend on a number of factors, including the physical properties of the metals
g themselves. The electric field in the vicinity of the emitter tip 1is deter-
: :ﬁ mined by the radius of curvature of the liquid metal, which in turn {s propor-
K} f tional to the ovne-half power of the surface tension (vs). Thus, the threshold
‘,%_ volrage fur field emission in a fixed geometry diode should show this depen-
O
Ei dence un surface tension. Figure 6 presents fleld-emission measurements made
:f: using indium (vg = 560 dyn/cm), gallium/indium (75:25, Yg = 690), and
‘{1. potassium (vs = 86). These plots give the diode current (as determined by the
0
,:E power supply drain) as a function of the applied voltage using a 10-M" ballast
s
:ﬁ resistor [Figure 6(a)], and a 100-M" ballast resistor [Figure 6(b)]. It is |
:;i apparent from these data that the threshold for field emission 1is very similar
i§; for the Ga/In and In liquid metals and considerably lower for the K case.
;;:; This trend is qualitatively in keeping with the above cited dependence on
54}‘ surface temsion.
iés In each case, the average current is a linear function of the voltage
;TQ over the range measured, and furthermore the results with the 100-M9 ballast
';; resistor are, to a reasonahle approximation, just a factor of 10 smaller than
1;; the curresponding 10-M0 results. This linearity and scaling with load resis—
S
.:.': tor indicare that the current/voltage limit is set hy the ability of the power
E'P supply to charge the circuit to the required voltage after the previous cur-
o rent pulse. Thus, the RC time constant of the system should determine the
5&9 cepetitiun rate of the dlode provided that the total power required is within
”ﬁé the limits of the power supply. Figure 7(a) shows the measured repetition
‘:E; rate for an indium liquid-metal electron emitter of the type 2(c¢) configura-
:i tion. As expected, the pulsing rate is found to be linear with the applied
dé voltage. TInterestingly, since both the average power supply drain current and
L.
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the pulsing rate are linear functions of the applied voltage, the current
delivered per pulse must be constant. This kehavior is also demonstrated by
the results shown in Figure 7(a). Apparently, once the threshold is exceeded,
the electron pulse size cannot be measurably increased by increasing the diode
voltage. This implies that the maximum possible emitting area (the tip of the
Taylor cone) 1s active for voltages just above threshold. The only effect of
increasing the voltage 1s to decrease the time required for the field to be-
come reestahlished after each pulse.

Similar results are found for emitters using both Ga/In and the Ga/In/Sn
alloy. In each case, the current per pulse is in the range from 0.3 to

0.35 yA. In contrast, the corresponding results for the potassium emitter are

shown in Figure 7(b). Here, the pulse rate 1is much higher than for any of the
other materials studied; however, the current per pulse 1s considerably lower,
N0.052 pA. The origin of this reduced emission current per pulse 1is not clear,
although it may be associated with the differing work functions and thermal

conductivities of these metals.

Optical Emission Studies

Under normal operating conditions, the liquid metal field emission
electron source produces a considerable level of optical radiation. As noted
above, the spatial extent and qualitarive appearance of the optical emission
changes with the mode. With only the Ga/In, the emission appears at the very
tip of the needle and is bluish-white. This emission was also observed and

5 In the enhanced mode with argon as the

photographed by Swanson and Schwind.
added gas, the optical emission is more diffuse, extending many millimeters

from the tip, and has an appearance more characteristic of argon discharge.

Although this optical emission was observed previously, the dispersed spectrum
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was not measured. With the other metals, a similar visible emission was
observed in each case to be localized at the electron emission site.

A simple experimental arrangement was used to record the optical emission
spectrum produced by the 1liquid metal field-emissfon source. The light from
the emitter tip was focused ounto the entraunce slit of a scanning 0.5-m mono-
chromator equipped with an RCA 8850 photomultiplier tube. A PDP 11/2 coumputer
scanned the monochromator while simultaneously counting the photon pulses.

The overall light collection efficiency was not high, and wide monochromator
slits were generally needed to obtain measurable signal levels. The resulting
spectral resolution was typically 0.5-1 nm. This resolution is sufficient to
identify many of the observed emission lines, particularly those associated
with the liquid metals and argon; however, it 1s too low to assist with the

identification of a number of the unassigned iines (see below). Furthermore,

because of the low signal levels, long scan times were required (20-60 minutes),

during which it was difficult to maintain the steady operation of the

source. Thus, relative peak helghts cannot provide reliable infurmation.
Optical emission spectra were recorded using both emitter types 2(a) and 2(c),
the latter provided greater signal levels.

Figure 8 demonstrates that the light production prucess is directly
associated with the electron pulse. The lower trace shows the typical
electron pulse for an Indium emitter of type 2(c) at 10 kV applied voltage.
The upper trace shows a photon pulse measured directly at the anode of the
multiplier tube. The observed 50-ns delay can be accounted for by the photo-
electron transit time of the R&50 phototube.

Figure 9 shows a typical optical emission spectrum between 400 and 500 nm
for a Ga/In liquid-metal emitter. The conditions were similar to those used

to record the electron pulse signals in Figure 3. In this wavelength range,
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:jz three lines are associated with neutral Ga and four lines arise from neutral
g

}:E In atomic emission. Two other emission lines can be tentatively assipgned to

¥\) transitions associated with Int. Little 1s known concerning the optical emission

N0

:;E spectra associated with Ga,, Iny, and Galn molecules. Ginter et a1.10 have

:;i; reported some electronic transitions arising from Gay and Iny; however, must

:;z are at wavelengths in the UV range or longer than 500 mm. Preliminary spec-

;;ﬁ tral studies 1n these regions did not reveal any significant emission lines

iL:f attriburable to molecular species. Ginter et a1.10 aiso report a feature at
e, 482.4 nm that they associate with the Galn molecule. The prominent transition
n

33; at 485.6 mm seen in Figure 9 may be due to that species rather tham to Tat.

3;2 In general, the lack of molecular emission features and the presence of excited
.jx ions is indicative of very high effective temperatures in the region near the

‘iiz field-emission site.

S

’fi‘ In contrast to the relatively simple spectrum of Figure 9, the optical

1*\- emission spectrum associated with the enhanced Ga/In/Ar mode shown in

'fzs Figure 10 is considerably more complex. The majority of transitions can be

:;:: readily assigned to the argon atom. The wavelengths indicated in the figure

?gv are the known positions for a number of argon atomic lines. It appears that
ié the Ga and In transitions ohserved in Figure 10 are not as iIntemnse as those

ii; arising from the argon.

£r Because the emitting species are confined to the region of the field

§§~ emission tip, they are subjected to very high electric field strengths

Za' (>1 Vv/R). Thus, the emission lines will be suitably Stark-shifted and

fjﬁ brnadened. Provided that the line positions can be determined with sufficient

[V

':S: accuracy, 1t should be possible to use the measured shifts rto determine the

I

f: corresponding electric field strength at the point of emission. Similar

fkg techniques have been used to diagnose a rare gas discharge,11 and this method

L9 s

E; .
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' may offer a simple diagnostic of the field-emission process. Unfortunately,
¢

Y

‘:ﬂ the luw resolutrion used to obtain the data in Figures 9 and 10 does not

(;\. warcrant a detailed analysis of this type.

2
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‘N0

L Triggered Operation

vy Because the threshold for electrun fleld-emission is stable for a given
;ﬁ; emitrer configurarion and liquid metal, 1t should be possible to trigger the
. s
f'? electron pulse. The simplest approach is tu hold the diode potential just

Nf beluw threshold for emission and then rapidly raise the diode voltage in ex-

Si cess uf the fleld-emission threshold. With emitter type 2(c¢) operating with
iﬂi potassium, some preliminary triggering tests were made. A high-voltage pulse

o generator was capacitively coupled to the anode, providing a variable voltage

‘z%: pulse (0.5-2 kV) of 1- to 40-ps duration. The diode was biased to within 200 volts

133 of threshold and the pulse generator triggered. Although the liquid-mectal
fﬁ\; emitter did trigger, its operation was not as reliable as expected. It was

Z;E not possible to find a set of conditions (dc bias, pulse voltage, pulse

fﬁf length, etc.) that would give reliable triggering. Moreover, when the diode

{:} did trigger, there was a considerable uncertainty in the time of electroun

s,
_'22 emission relative to the trigger pulse. In general, for tripger pulses of 10-

.;é to 40-ps duration, the electron pulse would occur with a seemingly random

«{r: delay of the same order of magnitude, 10-40 ;sec. One possible difficulty is

£§3 the fact that the trigger pulse must be coupled into the anode circuit outside

;f? the vacuum system. The anode circuit may present a large inductive louad, so

.1%} that the pulse 1s degraded considerably at the anode {itself.
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CONCLUSTONS

Liquid-metal field-emission electron sovurces appear to have desirahle
characteristics as the active element of a high—current repetitive switch.
These preliminary studies have shown that many operational parameters of these
devices can be controlled, although the mechanistic details are not vetr under-
stood. In particular, the enhanced mode of operation found fur the Ga/In/Ar
confijuration gives very large, narrow current pulses by an unknown mechanism.
The use of various diagnostics, including measurements of the optical emission
spectra, mav provide insight. Additional research is required to ascertain
the optimum system for a practical switch, with the choices of liquid metal,
emitter configuration and material, and triggering method of primary impor-
tance. The difficulries encountered with the simple triggering experiments
must be understood before any practical application of this technique can he

considered.
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Figure 1. Experimental configuration used to measure puised electron
field-emission characteristics.
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Figure 2. Emitter configurations: (a) tungsten nozzle; (b) liquid pool with tungsten
whisker; (c) heated liquid pool.
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Figure 3. Field-emission electron pulse for Ga/in (75/25) with anode
at 10 kV.
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